In this work we experimentally achieve 1 kHz-wide directional band-gaps for elastic waves spanning a frequency range from approximately 8 to 11 kHz. One-way propagation is induced by way of a periodic waveguide consisting in an aluminum beam partially covered by a tightly packed array of piezoelectric patches. The latter are connected to shunt circuits and switches which allow for a periodic modulation in time of the cell properties. A traveling stiffness profile is obtained by opportunely phasing the temporal modulation of each active element, mimicking the propagation of a plane wave along the material, therefore establishing unidirectional wave propagation at bandgap frequencies.
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Nonreciprocal devices have been pursued in various research domains and physical platforms, including quantum [1] , electromagnetic [2, 3] , acoustic [4] [5] [6] and elastic [7] [8] [9] media. These devices support wave propagation from a point (A) to one other (B), but not vice-versa, opening up new possibilities for the control of energy flow with unprecedented performance in communication systems [10] , unidirectional insulators [11] and converters [12, 13] , among others. Important contributions in the context of one-way phonon transport have been formulated by Fleury et. al. [14, 15] , demonstrating directional wave manipulation in acoustic cyrculator devices. Also, elastic and acoustic directional waveguides have been conceived and physically realized, in analogy with the Quantum Hall effect (QHE), achieving backscattering immune and one-way topological edge states [16] [17] [18] [19] [20] . Other approaches to nonreciprocity leverage nonlinear phenomena [21, 22] , metastability [23] , bifurcation and chaos [24] which are particularly attractive solutions due to the presence of solely passive elements. However, the exploitation of nonlinear dynamics usually requires high wave amplitudes, thus making the physical realization impractical for compact devices. An effective platform to break reciprocity is offered by space-time modulated systems [25, 26] . Notable recent examples have employed programmable magnetic lattice elements [27] and magnetic springs [28] . In this work we experimentally investigate nonreciprocity in a phononic beam, where spatial and temporal modulations are induced upon electric control of equivalent elastic properties. Namely, the spatial modulation is induced by bonding a pattern of piezoelectric elements on a passive substrate, which effectively alter the Young-s modulus of the waveguid through negative capacitance shunts [29] , which are manipulated in time through a switching logic. This enables the formation of a traveling stiffness profile, which produces an asymmetric dispersion relation, which is a hallmark of nonreciprocity.
As shown in [29] , the proposed configuration an effective mean to test non-reciprocity of spatio-temporally modulated media, and may also be adopted as a flexible platform to explore other phenomena associated with temporal and spatio-temporal modulation, among which parametric amplification [29] , conversion [12] , and topological edge-to-edge pumping [30, 31] .
We consider the electro-mechanical beam illustrated in Fig. 1 , which is made of an aluminum substrate having cross section b × H = 20 mm × 1 mm and total length L = 2400 mm.
An array of piezoelectric patches, separated by 2 mm from each other, is placed approximately at the beam's mid-span shifted by l 1 = 690 mm and l 2 = 1134 mm from the left and right boundaries in order to prevent reflections and waves interference during the transient analysis. For the same reason, the system is equipped with absorbing boundaries, obtained by covering the two clamped ends with mastic tape. The piezoelectric active domain is characterized by a length l = 576 mm and it consists of 24 pairs of patches (ρ p = 7.9 kg/dm 3 , E p = 62 GPa) of size b×l p ×h p = 20×22×1 mm, bonded on opposite surfaces. Each patch is connected to a shunt circuit emulating a series negative capacitance (NC), for a total of 48 shunts, which provide an effective stiffness reduction to the beam section when the circuit is closed [29] . Finally, a pair of patches bonded to the left end close to the clamp provide excitation. A group of three patches pair defines a spatio-temporal (ST) cell, arranged in a configuration represented in Fig. 1b . The effective sandwich stiffness of each ST cell is modulated following the law E s,k (t) = E s,0 [1 + α m sign (cos (2πf m t + (k − 1) π/3))], with k = 1, 2, 3 denoting the sub-cell number, while π/3 is the phase shift between the three consecutive active elements. Also, α m defines the amplitude of modulation, and f m = 1/T m is the modulation frequency, where T m is the modulation period. In the case at hand, the stiffness law is practically deter- is the piezo capacitance under stress (T ) and strain (S) free conditions. NC circuit data is collected in Tab. I. We now define E s,ON/OF F as biased and unbiased sandwich stiffnesses, which account for both piezo and substrate, as shown by the schematic in Fig. 2a . The latter allow to quantify effective dimensionless modulation parameter α m = E m /E s,0 = 27.5%, with E s,0 = (E s,ON + E s,OF F ) /2 and E m = (E s,ON − E s,OF F ) /2. Traveling stiffness is achieved by phasing three spatially consecutive temporal modulation profiles, establishing material periodicity both in space and time. The ST unit cell effective stiffness, comprehending active and passive sub-lattice elements is illustrated in Fig. 2b within the domain D = [0, λ m ] × [0, T m ], being λ m the spatial period. Forward ( Fig. 2b−I) and backward ( Fig. 2b−II) traveling modulations are achieved for f m > 0 and f m < 0, respectively. Notice that, for convenience, in this work the excitation is fixed in space, therefore non-reciprocity is tested by simply changing the modulation speed from positive to negative. This is de facto equivalent to keeping speed's sign fixed and moving the excitation source from one end to the other. On the background, directional bands as predicted by the PWEM are highlighted in light green.
For each testing condition, the experimental dispersion relation is compared with the theoretical Bloch diagrams computed through the Plane Wave Expansion Method (PWEM). Timoshenko-beam model [32] is employed based on the governing equation for a beam:
where (·) x = ∂ (·) /∂x and (·) t = ∂ (·) /∂t, w is the transverse displacement of the mid-surface, α is the cross sectional rotation of the beam, c = 5/6 is the shear correction coefficient, and G is the shear modulus. Given that, EI (x, t), cAG (x, t), ρI (x, t) and ρA (x, t) are periodic functions in space and time and can be expressed as . Dispersion relations are then computed from a quadratic eigenvalue problem ω = ω (κ) whose formulation is detailed in the supplementary material SM. Figure 4 shows the experimental setup. Input waves are excited on the left side of the beam, in correspondence of the excitation piezo pair. An external trigger synchronously starts the acquisition system, the external excitation and the switches of the circuits, so that each individual test is assured to be performed under the same conditions. The switches are controlled with a NI Compact-RIO and the acquisition is performed by a Polytec 3D Scanner Laser Doppler Vibrometer (SLDV) which measures the out of plane velocity field along the beam length as the input wave propagates through the active domain.
Nonreciprocity is probed under two conditions. First, a wide spectrum tone burst excitation centered at bandgap frequencies is applied for analyzing positive and negative traveling modulations. turned ON (f m > 0), this bandgap moves to higher frequencies ( Fig. 3 Ia-IIa-IIIa). For f m < 0, opposite behavior is observed and the directional bandgap moves towards lower frequencies ( Fig. 3 Ib-IIb-IIIb). We also observe that experimental data is in good agreement with the predicted analytic dispersion relation ω (κ), which is represented using white dots. Small discrepancies are attributed to mechanical and electrical variability of associated parameters. We can thus conclude that the system operates as expected. Finally, unidirectional attenuation levels are tested using a narrow-band excitation spectrum centered at f E = 8.5 kHz with ∆f E = 0.8 kHz, a modulation frequency f m = ±2 kHz and measuring the response at x = l 1 + l, that is just after the piezo array. This way it is possible to asses spectral contentŵ OU T (ω) of the wave packet leaving the modulated domain. Specifically, it can be noticed that for f m < 0 wave propagation occurs with attenuation, as shown by the blue dashed curve in Fig. 5a . In contrast, a positive f m high amplitude propagating waves (red continuous curve). Analogous but reversed results are obtained when the same tests are repeated with an input wave-packet centered at f E = 10.5 kHz with ∆f E = 1 kHz. Wave decay is observed for positive switching frequencies (red continuous curve), while for negative values propagation is allowed (blue dashed curve).
In conclusion, this work experimentally investigates a modulated beam with space-time periodic properties and its ensuing non-reciprocal behavior. The modulation is produced through an array of piezo patches bonded to the beam, connected to switching negative shunting circuits. Breaking time invariance, directional band-gaps and nonreciprocal behavior for propagating waves is observed, in a frequency range spanning from 8 kHz to 11 kHz. Compared with other existing solutions, the proposed setup may be more easily integrated into micro electromechanical systems (MEMS), opening new possibilities for wave control in phononic communication devices. Moreover, we can conclude that direct piezoelectric modulation is a viable platform for the investigation of a variety physical phenomena associated with time-varying media. Support by the Italian Ministry of Education, University and Research, through the project Dipartimento di Eccellenza LIS4.0 (Integrated Laboratory for Lightweight and Smart Structures), is acknowledged.
